Magnetism in stacked triangulenes is investigated using the Hubbard-type model with onsite repulsions. We show that the open shell electronic structure can be an origin of the decreasing magnetic moment with adsorption of molecules. Next, possible ferromagnetic solutions are studied, as one of candidates of molecular magnets. Ferromagnetism is stable in regions with large interlayer hoppings and large onsite repulsions, whose properties are discussed also.
Introduction
Nanographite systems are composed of the structural units with stacking of graphene sheets of the nanometer size [1] . They show novel magnetic properties, such as, spin-glass like behaviors [2] , the change of ESR line widths while gas adsorptions [3] , and the variation of magnetism with respect to physisorption of water molecules and several kinds of organic molecules [4] .
In the previous investigation [5] , we have introduced a theoretical model which includes the stacking effects of the hexagonal nanographene sheets with zigzag edges. Such the shape geometry has been used in the semi-empirical study of fluorine doped graphite nanoclusters [6] , too. The zigzag edge effects have been investigated with using the ribbon geometries quite extensively [7] [8] [9] . In the calculations [5] , each graphene layer has closed shell electronic structures when there are no interlayer interactions or each layer is isolated. Increasing the interlayer interactions of the A-B stacking case has induced magnetic polarizations, and finite magnetizations develop. This is due to the enhanced singlet correlations at the interlayer interaction sites with increasing the interlayer hopping term. The local magnetic moments at the edge atoms have become relatively larger. However, the magnetic moment decreases with the decrease of the interlayer distance in experiments [4] . Such the qualitative contradiction might be due to the closed shell electronic structure of the isolated graphene sheet used in the calculations [5] .
In this paper, we therefore investigate stacking effects of the graphene sheets which have open shell electronic structures if there are not interlayer interactions. There are several origins of open shell electronic structures: dangling bonds of carbon atoms at outer edges, functional groups which attract or donate electrons, and odd carbon numbers of a single sheet. The effects of functional groups attracting or donating electrons will be reported elsewhere [10] . In this paper, we would like to consider stacked nanographite where a single sheet has geometrical
origins of the open shell of electrons.
Our geometry of the graphene sheet has triangular structures. We shall imagine the series -2 -of molecules: C 13 , C 22 , and so on. The molecule C 13 is composed of three hexagonal rings, and is called "phenalenyl" in literatures [11, 12] . The "triangulene" C 22 shown in Fig. 1 (a) has nine hexagonal rings [13, 14] . The Lieb's theorem [15, 16] Next, we shall study the possible ferromagnetic solutions, which are attractive as a candidate of molecular magnets. In particular, we use the stacking pattern of Fig. 1 (c) , because the contacting area between the two layers is larger than in Fig. 1 (b) meaning that the gain from the van der Waals interactions is effective. We compare the total energy with that of the antiferromagnetic solutions. We will find that the ferromagnetism is stable in regions with large interlayer interactions and large onsite repulsions between electrons. The properties of ferromagnetic solutions will be discussed. This paper is organized as follows. In section 2, we explain our model. Sections 3 and 4 are devoted to antiferromagnetic and ferromagnetic solutions, respectively. The paper is closed with summary in section 5.
Model
We study the following model with hopping integrals between orbitals of carbon atoms and onsite strong repulsions of the Hubbard type:
where The finite size system is diagonalized numerically with using the periodic boundary condition for the stacking direction, and we obtain two kinds of solutions. One of them is an antiferromagnetic solution, where the number of up spin electrons is larger than that of down spin electrons in the first layer, the number of down spin electrons is larger than that of the up spin electrons in the second layer, and so on. The other kind of solution, where the number -4 -of up spin electrons is larger than that of down spin electrons in all the layers. It is possible that the number of down spin electrons is larger. However, such the case can be obtained by considering the symmetry, so this possibility is neglected. Also, there will be cases of incommensurate spin density waves, but we have not obtained such kinds of solutions by choosing initial magnetic ordered states, which are commensurate with the one dimensional lattice in the stacking direction, at the first stage of the numerical iteration process. The present author has discussed the antiferromagnetism in C 60 polymers [17] . The same technique (unrestricted Hartree-Fock approximation) used in ref. [17] is effective in this paper, too.
The parameters are changed within 0 ≤ t 1 ≤ 0.5t and 0 ≤ U ≤ 4t. The realistic value of t 1 is estimated to be about 0.1t at most [18] , but we change this parameter for more extended regions in order to look at the behaviors of solutions in detail. In the antiferromagnetic solutions, the number of electrons is the same with the number of sites, and electronic states are half-filled.
In the ferromagnetic solutions, the number of up spin electrons per triangulene layer is larger by two than that of down spin electrons. The difference of the electron number, two, is owing to the result S tot = 1 of Lieb's theorem for the isolated single layer. All of the quantities of the energy dimension are reported using the unit t (∼ 2.0 − 3.0 eV).
Antifferromagnetic solutions
In this section, we discuss properties of antiferromagnetic solutions for the stacked triangulene layers shown in Fig. 1 (b) and (c). Particularly, we pay attention to the relations with the experiments [4] . The values of parameters, t 1 and U, for the plots are shown along with the horizontal axis and in the figure captions. As expected by the Lieb's theorem [15, 16] , the total magnetic moment per layer is unity at t 1 = 0 or for the isolated triangulene. In Fig. 2 (a) , the total magnetic -5 -moment is an increasing function of t 1 . On the other hand, it is a decreasing function with respect to t 1 in Fig. 2 (b) . As we have discussed in the previous report [5] in agreement with the one-dimensional graphite ribbon case [7] [8] [9] , there appear strong local magnetic moments at the zigzag edge sites, and they give rise dominant contributions to the magnetism of each layer. Here, in the triangulene case of the A-B stacking with sixty degree rotation [ Fig. 1 (b) ], a part of the edge sites locate with large distance from the sites with the interactions t 1 . As increasing t 1 , the singlet correlation along the bonds t 1 becomes stronger, and an isolate nature of the edge sites increases, too. This is the origin of the increase of the magnetism in Fig. 2 (a) .
On the other hand, most of the edge atoms are neighboring to the sites with the interaction t 1 in Fig. 1 (c) of the A-B stacking with the vertical shift. The interactions of the edge sites with the neighboring layers are strong, and the itinerant characters of electrons become larger as increasing t 1 . Therefore, the magnetic moment is a decreasing function in Fig. 2 (b) .
It is known experimentally [19] that the interlayer distance becomes shorter in the process of adsorption of water molecules. The decrease of the interlayer distance indicates the enhancement of t 1 . This induces the increase of the antiferromagnetic interactions, and results in the decrease of the magnetic moment [4] . The case of the A-B stacking with vertical shift agrees with the experiments, qualitatively. Therefore, the open shell electronic structures due to the geometrical origin are one of candidates which could explain the exotic magnetisms.
Ferromagnetic solutions
Now, we discuss possibility of the ferromagnetic behaviors in the A-B stacked triangulenes with the vertical shift. The energy gain by the van der Waals contact is larger in this kind of A-B stackings, so we limit our discussion to this case. A ferromagnetism is attractive for application as a molecular magnet, and therefore it is highly interesting to look at the ferromagnetic solutions and discuss their properties.
In order to obtain ferromagnetic solutions, the electron number of up spin in each layer is -6 -taken as twelve, and that of down spin is taken as ten. The total energy of the ferromagnetic solution is compared with that of the antiferromagnetic solutions. Figure 3 shows the total energy of ferromagnetic solutions subtracted by that of the corresponding antiferromagnetic solutions. The plots are shown with varying the parameters t 1 and U. When the data are positive, the ferromagnetic state is stable. The antiferromagnetic state is stable for the cases that the energy difference is negative. We find that ferromagnetic solutions really exist at the parameter regions larger than t 1 ∼ 0.2t. The threshold value of t 1 decreases with increasing U. The estimated magnitude in the stacked graphite is t 1 ∼ 0.1t at most [18] . It would be less possible that the A-B stacked triangulenes show ferromagnetism naturally. However, we could induce some kind of ferromagnetic states possibly by applying chemical and/or physical pressures in order to make the interlayer distance shorter from that of the pristine nanographite.
Next, we look at magnetic moment per layer by changing theoretical parameters. Figure   4 (a) displays the magnetic moment for the first layer (and for the layers with odd numbers), Fig. 4 (b) shows the numerical data of the second layer (and for the layers with even numbers).
The dependences on U are rather weaker than in the antiferromagnetic solutions of Fig. 2 , so only two sets of U are shown here. We easily find that the magnetic moment increases with respect to t 1 in Fig. 4 (a) , and decreases in Fig. 4 (b) . Such the different behavior is due to the fact that the layers with odd and even numbers are not equivalent with each other when the interactions t 1 are taken into account. With increasing t 1 , the up spin electrons flow from the even numbered layers to the odd numbered layers. The down spin electrons flow to the opposite direction. Therefore, the relative difference of the total magnetic moment between the odd and even number layers appears in Fig. 4 .
Summary
In summary, the magnetism in stacked triangulenes has been investigated using the Hubbardtype model with onsite repulsions. First, we have shown that the open shell electronic structure -7 -can explain the decreased magnetic moment with adsorption of molecules. Next, possible ferromagnetic solutions have been studied, as one of candidates of molecular magnets. We have found that the ferromagnetism is stable in the parameter regions of large interlayer hoppings and large onsite repulsions.
